The objective of this study was to establish a new approach that could be used to characterize trace levels of 4-mercapto-4-methyl-2-pentanone (MMP) in Japanese green tea (Sen-cha). MMP included in the headspace of the powdered tea leaf was extracted using a Solid-Phase Microextraction (SPME) fiber, and subsequently, the determination of MMP in Sen-cha was achieved by Gas Chromatography-Mass Spectrometry (GC-MS) with Selected Ion Monitoring (SIM). To efficiently extract MMP from Sen-cha, the effect of the fiber composition, extraction temperature and time, sample amount, solvent and moisture present in the matrix were investigated, and then the optimum extraction conditions were selected. The calibration curve, which was obtained by the standard addition method, for MMP ranging from 0 to 2.0 ppb showed good linearity, and the difference in the matrix was only slightly affected by this analytical procedure. Therefore, this simple and rapid analytical method proved effective in determining trace levels of MMP in various Sen-cha products by the standard addition method using the same slope of the calibration curve. In addition, based on application of this new analytical technique for the characterization of MMP in Sen-cha, the total flavor intensities of Sen-cha were determined to have a close relationship to the amount of MMP, and its amounts were assumed to be dependent on the steaming conditions of the fresh tea leaves during Sen-cha production.
Introduction
The quality of the Japanese green tea (Sen-cha) product is due to many factors, one of the most important being its flavor. The flavor from spring green tea (first crop), considered the highest quality, has a characteristic green note, and 4-mercapto-4-methyl-2-pentanone (MMP) is one of the key odorants for this high quality flavor of the Japanese green tea (Sen-cha) (Kumazawa and Masuda, 1999) . Because MMP has a very low odor threshold and characteristic green note, accompanied by a slightly meaty odor, it can be expected to be related to the high quality flavor of Sen-cha, despite its trace levels. In our previous study, it was clarified that the amount of MMP in Sen-cha was affected by the firing conditions and crop numbers of the tea leaves, and it was found that MMP was a possible important odorant for the quality of the Sen-cha product (Kumazawa et al., 2005) . However, this consideration was investigated for only the limited green tea varieties, and the relationship of the other factors causing the difference in the flavor of Sen-cha and the amount of MMP is still unclear. For instance, it was shown that the steaming conditions during the Sen-cha production affected the Sen-cha flavor (Ohmori et al., 1987) as did the firing conditions, and in general, it is known that the flavor intensities of lower-steamed Sen-cha are stronger than those of the highly-steamed ones. Therefore, for a detailed characterization of MMP, it is necessary to systematically measure MMP in the many other kinds of Sen-cha.
Unfortunately, the amount of MMP in Sen-cha is at trace levels, and thus, to quantify this odorant using conventional techniques, large volumes of the sample are needed along with multiple steps in sample handling (extraction by hot water, steam-distillation, and separation and concentration of the odorant) for highly concentrating MMP (Kumazawa et al., 2005) . Therefore, the repeatability of this classical methodology is quite inadequate. Consequently, it is difficult to apply it for the characterization of MMP to study the quality of Sen-cha because quantifying a large number of Sen-cha products would be impossible. Some quantitative analytical methods for trace amounts of MMP in foodstuffs have already been proposed (Tominaga et al., 1998 , Vivaracho et al., 2006 , Vivaracho et al., 2007 , Ferreira et al., 2007 . Among them, the analysis of MMP by derivatization using 2,3,4,5-pentafluorobenzyl bromide (PFBBr) achieved a high selectivity and sensitivity because the formed PFBBr derivatives showed characteristic ions of high m/z and excellent electron-capturing properties (Vivaracho et al., 2006 , Vivaracho et al., 2007 . In addition, the derivatives were directly formed on the Solid-Phase Microextraction (SPME) fiber, which made it possible to fully automate the quantitative analysis (Vivaracho et al., 2006) . However, detection of PFBBr derivatives with high sensitivity required a specific detector such as Negative Ion Chemical Ionization Mass Spectrometry (NCI-MS), and thus, this analytical method lacked versatility. Therefore, the aim of the following investigation was first to develop a simple and rapid analytical method for the determination of trace levels of MMP in Sencha using a standard analyzer such as Gas ChromatographyMass Spectrometry [GC-MS (EI)], and second, to study the possibility of applying this new technique to the characterization of MMP in Sen-cha.
Materials and Methods
Materials 1) Tea samples: The green tea samples after steaming under different conditions (low-, middle-, and highsteamed) were purchased as Ara-cha (unrefined Sen-cha) products from a local market. All the Ara-cha products from the first flush (from the end of April to the end of May) were produced in Shizuoka prefecture (Japan) from [2004] [2005] [2006] [2007] [2008] . These Sen-cha leaves were stored at -80℃ until needed. The Ara-cha leaves were roasted at 110℃ for 15 min in a laboratory hot-air oven. The samples (Sen-cha and Ara-cha) were analyzed as coarse ground powders. The ground samples were prepared by grinding 15 g portions of the tea leaves in a food cutter for 15 s. All the ground samples were then stored at -80℃ until analyzed. 2) Chemical: 4-Mercapto-4-methyl-2-pentanone (MMP) was synthesized according to the literature procedures (Guth, 1997) . 3) SPME fibers: The fibers used were coated with different stationary phases and various film thicknesses. All of the SPME fibers, which included polydimethylsiloxane (PDMS, 100 µm), polydimethylsiloxane-divinylbenzene (PDMS/DVB, 65 µm), carboxen-polydimethylsiloxane (CAR/PDMS, 75 µm), and divinylbenzene-carboxen-polydimethylsiloxane (DVB/CAR/ PDMS, 50/30 µm), were obtained from Supelco (Belleforte, PA, USA).
Proposed method for sample preparation The sample preparation consisted of placing 1.00 g of the ground tea powder directly into a standard SPME 20 mL glass vial. Saturated brine (200 µL) and methanol (5 µL) were added to the tea powder. The calibration curve for the standard addition method was obtained using methanol solutions that contained a known amount of MMP (0 -400 ppb; final concentration of the odorant was 0 -2.0 ppb). Before sealing the vial using a silicone septa, the samples were immediately stirred with a Teflon stick to obtain a homogenous mixture and left in the autosampler tray. The SPME fiber was then inserted into the headspace of the pre-warmed sample vials for extraction. After extraction, the SPME fiber was removed and introduced into the injector port of the GC-MS system. Total automation of the procedure was achieved using an MPS2 autosampler (Gerstel GmbH, Mulheim an der Ruhr, Germany), which was programmed using the CycleComposer with macro editor software (version 1.5.2) and a sample tray, a temperature controlled agitator tray, and a fiber-conditioning device (all the setup parameters of the autosampler are listed in Table 1) .
GC-MS The odorants were analyzed by an Agilent 6890 N gas chromatograph coupled to an Agilent 5975 B series mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). The column was a 30 m × 0.25 mm i.d. DB-Wax fused silica capillary (J & W Scientific, Folsom, CA, USA) with a film thickness of 0.25 µm. The injector was a standard split/splitless operated in the splitless mode and contained a SPME injection sleeve glass insert. The column temperature was programmed from 40℃ (held for 1 min) to 150℃ at the rate of 20℃/min. The flow rate of the helium carrier gas was 1 mL/min. The mass spectrometer used an ionization voltage of 70 eV (EI) and ion source temperature of 150℃, and detection was operated in the selected ion mode (SIM). The ions (m/z 132 and 75) from MMP were employed as the target and qualifying ions, respectively. Sensory Evaluation Deionized hot water (500 mL) at 70-75℃ was added to 5 g of the Sen-cha, and the leaves were removed using coarse filter paper after standing for 5 min. The filtrate was immediately cooled to less than 20℃ in tap water containing ice. Each green tea (Sen-cha and Aracha) infusion (30 mL) was put into a glass beaker at about 20℃. The samples were immediately consumed by 12 panelists between the ages of 25 and 40. Each of these panelists had previously received extensive training in the descriptive sensory analysis of a Sen-cha infusion and had experience in the sensory profiling of various food samples. The intensity of each attribute of a Sen-cha infusion was scored on a scale of 1 (weak) to 7 (strong). The Sen-cha flavor from the different samples was compared to the control (Ara-cha) flavor, and both of the attribute scales (characteristic green note and total flavor intensity) of the Ara-cha flavor were defined as 2. The results obtained from all the panelists were then averaged, and standard errors of mean were calculated.
Results and Discussion
Quantitative analytical method for trace amount of MMP in Sen-cha In order to achieve a simple and rapid determination of MMP in Sen-cha products, an analytical technique that combined the extraction of MMP from the headspace of the powdered Sen-cha using SPME with detection by GC-MS with Selected Ion Monitoring (SIM) was chosen (HS-SPME-GC-MS).
There are many kinds of commercially available SPME fibers, and the fibers used are selected on the basis of the property of the analytes. Four different types of SPME fibers were tested under the same conditions. The results of this screening for MMP included in the Sen-cha products demonstrated that, in general, fibers having some polarity had a good extraction efficiency. Among them, the coated DVB/ CAR/PDMS fiber was superior in both the extraction efficiency and the reproducibility of the chromatographic peak area, and thus, the DVB/CAR/PDMS fiber was selected for the extraction parameter optimization. The optimized parameters were the extraction temperature, the time in the sample during the extraction, and sample volume. The effect of the extraction time and temperature on the signal of an analyte is shown in Figs. 1a and 1b. As shown in these figures, the peak area of MMP increased with increasing extraction time and temperature. This result clearly indicates that equilibrium was not reached over the tested range. However, considering that the generation of MMP in the Sen-cha took place during the roasting process, it was desirable to do the extraction at a lower temperature and shorter times. Thus the appropriate extraction conditions were selected to be 60℃ and 30 min, which gave a sufficient peak intensity for determination of the analyte. In addition, the optimal sample amount was selected as 1.0 g since the peak area nearly reached the maximum.
In this investigation, it was assumed that the standard addition method would be used for the quantification of MMP in the Sen-cha products. However, it was expected that the extraction efficiency on the SPME of MMP was strongly influenced by the kind and amount of the spiked solvent in the matrix. Therefore, the peak area of MMP when various solvents (ethanol, methanol, saturated brine, distilled water) were added to the powdered tea leaves were compared (Fig.  2) . The organic solvents (methanol, ethanol) decreased the extraction efficiency of MMP. However, it was found that the influence on the peak area of the analyte can be lowered by reducing the added amount of the organic solvents to 1% (v/w). In general, it is known that thiols are unstable in aqueous solutions. Therefore, to improve the stability of the MMP stock solution, methanol was selected as the solvent of the stock solution for the standard addition method.
On the other hand, the peak area of MMP was significantly increased by the addition of the 10% (v/w) saturated brine or distilled water for the matrix despite the fact that the peak area of the analyte decreased with the same amount of organic solvents (methanol and ethanol) (Fig. 2) . This finding indicated that the addition of water during the sample preparation seemed to improve MMP extraction efficiency, whereas water was unfavorable as the MMP stock solution solvent. To investigate more details about the addition effect of water on the SPME of the target analyte, different amounts of saturated brine or distilled water were added to 0.5 g of the powdered tea leaves ranging from 0 -40% (v/w) (0 to 200 µL), and the change in the peak area of the target analyte during the SPME experiments was tested. The results in Fig. 3 show that the peak area of MMP reached a maximum for the water content ranging from 10 to 20% (v/w) (50 -100 µL). However, the addition of water (saturated brine) at above 20% (v/w) (100 µL) caused a significant downward trend in the extraction efficiency. The optimum range of the added amount of saturated brine was wider than that of distilled water. In addition, the peak area of the saturated brine also showed a better reproducibility than that of distilled water. Therefore, the addition of 20% (v/w) saturated brine for the powdered tea leaves was selected as the optimum moisture content and was used in the following experiments. The phenomenon that the extraction efficiency on the SPME of MMP improved by the addition of a trace amount of water in the powdered sample had been observed for 2-acetyl-1-pyrroline in fragrant rice (Grimm et al., 2001 , Ghiasvand et al., 2007 . As the mechanism of this phenomenon, the odorant seems to be more diffusible, presumably due to the effect of the formation of sub-micrometer sized particle complexes with water (Nohara et al., 2002) . However, based on this mechanism, the difference in the saturated brine and distilled water on the addition effect (reproducibility of peak area and optimum addition range) cannot be explained. Therefore, further detailed investigations are required to elucidate the mechanisms of this phenomenon.
From the results of these experiments, the optimal SPME conditions for the measurement of MMP in Sen-cha products could be determined. In addition, a good reproducibility and sufficient intensity of the peak area on the mass chromatogram for determining the trace level analyte could be achieved by optimizing the GC-MS conditions (splitless injection technique, fast oven programming rate, and SIM were chosen).
K. Kumazawa et al. Application of the standard addition method for the determination of MMP in the Sen-cha samples was investigated using the already described optimal sampling and GC-MS conditions. The peak areas of MMP increased with the increase in the amount of the spiked analyte, and the calibration curve for the target odorant ranging from 0 to 2.0 ppb showed good linearity (R 2 > 0.99). Therefore, MMP included in the Sen-cha products could be determined by the standard addition method (limit of quantification is approximately 0.05 ppb). Furthermore, it was found that the increased peak areas for the addition of 1.0 ppb of the analyte were constant even for the different samples (differs for the production origin and roasting condition), and the relative standard deviation (6%) was close to that of the repeated measurement of the same Sen-cha product. This finding suggested that the matrix effect on this analytical procedure was quite low, thus this quantitative analytical method could reduce the measurement number since it was able to determine MMP in many kinds of Sen-cha samples by utilizing the same calibration curve slope without making one for every sample. This simple and rapid analytical method proved effective in determining the trace level of MMP in various Sen-cha products. The new analytical approach enabled us to compare the amount of the target odorant in a great number of Sen-cha products, which was difficult using the conventional analytical technique.
Characterization of MMP in Japanese green tea (Sencha) by HS-SPME-GC-MS (SIM)
It is known that MMP, which is the characteristic odorant of Sen-cha, is generated from unrefined Sen-cha (Ara-cha) during the final roasting process. Therefore, the roasting condition is known to be the most important factor in the generation of the characteristic Sen-cha flavor. However, the characteristic Sen-cha flavor is due to various primary factors, for instance, manufacturing conditions other than roasting, cultivars, degree of leaf ripeness, climate, soil, etc. Among them, the steaming process, which is the first step in the production of Sen-cha, has been proposed to have a significant influence on the flavor and color of the final products (Ohmori et al., 1987) . Sencha products were classified by the degree of steaming of the fresh tea leaves, and in general, it is well known that the flavor intensities of the lower-steamed Sen-cha were stronger than those of the highly-steamed ones. Therefore, to clarify the influence of the steaming conditions on the amount of MMP and/or flavor intensities of the Sen-cha, the amounts of MMP in the various kinds of samples (Sen-cha and Arecha) that underwent different steaming conditions were determined. In all the experiments, the commercial Ara-cha products, which were produced from the first flush leaves at three different steaming conditions (low, middle, and high), were tested. Because it was difficult to obtain the details of the steaming conditions for these commercial products, the influence of the steaming conditions on MMP contents was determined based on the results of many tasted samples. Namely, a simple and rapid method using HS-SPME-GC-MS was used for the determination of MMP in 70 samples (35 kinds of Ara-cha and corresponding Sen-cha, which were roasted under the same conditions). Based on these results, although the low-and middle-steamed leaves were observed over a wide range of MMP amounts (and increased amounts), a trend was observed in the amounts greater than those of the highly-steamed ones (Fig. 4) . This finding suggested the possibility that steaming conditions during Sencha production were related to the amount and formation of MMP, in particular, the highly-steamed leaves seemed to be significantly affected by the conditions of the steaming procedure.
On the other hand, in order to examine the relation of the intensity of the Sen-cha flavor (characteristic green note and the overall flavor) and the amount of MMP, nine arbitrary cultivars were compared (Fig. 5a, 5b ). Consequently, the tested Sen-cha samples were recognized to have a good correlation with both the intensity of the characteristic green note and that of the overall flavor (R 2 = 0.961) and the amount of MMP (R 2 = 0.774). Namely, as one of the characteristics of Sen-cha, the intensity of the overall Sen-cha flavor, which was made from the first flush leaves, can be assumed to be dependent on the MMP content. Furthermore, considering the relationship between the steaming conditions and the amount of MMP in the Sen-cha leaves, the possibility was suggested that the overall flavor intensity of the Sen-cha products have a close connection with the steaming conditions through the MMP. However, it is known that the Sen-cha flavor contains many kinds of green note odorants, and there is a limit in the comparison of individual odorants with odor attributes because the synergistic and antagonistic effects between the odorants in the Sen-cha flavor have not been considered. Therefore, to definitively clarify that MMP is related to the characteristic green note of Sen-cha, it is necessary to perform more detailed investigations.
Conclusions
Application of the standard addition method for the headspace analysis of powdered Sen-cha leaves using the SPME-GC-MS approach permits the simple and rapid determination of trace amounts of MMP in Sen-cha. The major advantage of this new analytical technique is to be able to compare the amount of MMP in various kinds of Sen-cha, which was difficult using conventional techniques. By application of this new technique to the characterization of MMP in the Sencha products, it was found that the intensity of the Sen-cha flavor has a close relationship to the content of MMP, and the amounts of MMP can be assumed to be significantly affected by the steaming conditions of the fresh tea leaves. Based on these results, it was demonstrated that the steaming process, the first process during Sen-cha production, has some influence on the MMP precursor, and this knowledge seems to clarify the generation mechanism of MMP in Sencha during the roasting process.
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